ABSTRACT Changes in heat production (HP) and body composition (BC) in modern broiler breeders can provide means to understand nutrient utilization. Twelve Cobb 500 breeders were evaluated 10 times from 26 to 59 wk of age. The same wired caged breeders were moved to respiratory chambers connected to an indirect calorimetry to obtain oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ), HP, and respiratory exchange ratio (RER). The same hens were evaluated for BC using a dual X-ray absorptiometry (DEXA). Data were analyzed during light (16 h) and dark (8 h) period using a mixed model to evaluate calorimetry parameters, a factorial design 2 × 10 for normalized calorimetry parameters, and Complete Randomized Design (CRD)-one way ANOVA for BC. Means were separated by Tukey-Honest Significant difference (HSD). HP increased with age (d) in 0.152 kcal/d, VO 2 and VCO 2 were 0.031 and 0.024 L/d per each increase in age (d), respectively. In the light period, hens consumed +17.4 L/d VO 2 and produced +18.9 L/d VCO 2 (P < 0.01). HP during the dark period was 84 kcal/kg 0.75 and during the light period was 115 kcal/kg 0.75 . RER decreased with age until 43 wk and remained the same until 59 wk suggesting more fat and/or protein being oxidized at later periods of production. Lean body mass ranged from 642 to 783 g/kg during the whole study reaching the lowest at 37 and 50 wk and the highest at 26 to 33 wk (P < 0.01). Body fat ranged from 168 to 261 g/kg with the lowest at 26 to 33 wk and the highest at 50 wk of age (P < 0.01). Broiler breeder females may be catabolizing fat energy reserves from 50 wk onwards when the egg production is reduced, and HP increased at 54 and 59 wk (P < 0.01) due to higher energy required for maintenance of a higher lean mass structure. Broiler breeders change nutrient fuel use during egg production. Indirect calorimetry and DEXA can be used to pursue further feed strategies to maximize egg production and maintain a healthy breeder.
INTRODUCTION
The continuously growing market of broiler protein for the world population requires an increase in the number and efficiency of broiler breeders. Broiler breeders have been intensively selected for growth rate, feed efficiency, and breast meat yield traits for the performance of their progeny. The reproductive traits of the current broiler breeder have advanced at a lower rate compared to the table egg production (EP) hens. For example, the average egg increase for a broiler breeder at 65 wk was 0.80 egg/yr (Cobb Supplement 2013 vs 2005 vs. 14 eggs/yr for the table-egg hens. These 14 eggs increment in the layers is due to the increase of 1 egg/yr at 80 wk, and the increase of the production cycle to 110 wk (Hy-Line Brown Commercial Layers supplement 2016 vs 2006 . Broiler breeders have not increased their production cycle length, but they have improved the number of eggs per year and the broiler performance. Management and nutrition of the broiler breeder is the most complex piece of poultry production (Kleyn, 2013) because EP from parent stock and meat production for their progeny are desired traits in the poultry industry. Understanding the dynamics of heat production (HP) and body composition along with EP can provide insights of nutrient utilization but the information is lacking for the modern broiler breeder. Heat production can be measured by indirect calorimetry and by difference between ME intake (MEI) and retained energy (Sakomura, 2004) . Body composition can be different at the same body weight (BW) affecting the onset of sexual maturity, so the analysis of lean and fat mass is important (Wilson et al., 1989) . Body composition has changed over time resulting in leaner breeders with total protein content being very important at the onset of sexual maturity (De Beer and Coon, 2007) . Salas et al. (2012) evaluated the body composition of broiler breeders using dual energy X-ray absorptiometry (DEXA) and reported a decrease in lean mass at 35 and 45 wk of age during production. Vignale et al. (2016) reported that the highest protein degradation rate in pectoralis major breast muscle occurred at 30 to 37 wk of age in broiler breeders. The large increase in degradation rate helps explain the decrease in lean mass at 35 wk reported by Salas et al. (2010) . Indirect calorimetry measures volume of oxygen consumption (VO 2 ) and volume of carbon dioxide production (VCO 2 ) to estimate HP. The ratio VCO 2 /VO 2 indicates the nutrient utilization and is called the respiratory exchange ratio (RER) . The values for RER are 1.0, 0.74, and 0.70 for carbohydrate, protein, and fat oxidation, respectively, in birds (McLean and Tobin, 1987) and a balanced poultry feed would be a mix of the RER values. Indirect calorimetry can provide data on nutrient oxidation and the DEXA can provide body composition data to understand tissue synthesis and degradation and the dynamics of nutrient utilization in broiler breeder hens. The objectives of the present study are to study the same breeders during production from 26 to 59 wk of age: 1) to evaluate changes in calorimetry parameters with age: VO 2 , VCO 2 , RER, and HP, and 2) to determine changes in body composition with age: lean mass, fat mass, and bone mineral content (BMC).
MATERIALS AND METHODS
All management practices and procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee # 13002.
Hens and Housing
A total of 12 parent stock females from Cobb 500 fast feathering (Cobb Vantress, Siloam Springs, AR) were selected from a population of 70 hens at 23 wk of age. Hens were selected to represent a normal BW population with an average BW of 2544 g ± 258 SD (10% CV). Hens were transferred from floor pens to breeder wire cages (47 cm high, 30.5 cm wide, 47 cm deep) equipped with an individual feeder and nipple drinker. The photoperiod was 16L: 8D from 26 to 59 wk. The same 12 hens were evaluated in respiratory chambers and with the DEXA 10 different times during production (26, 30, 33, 37, 40, 43, 45, 50, 54 , and 59 wk of age). Hens were moved to respiratory chambers for 24 h before each evaluation to acclimate the breeders to the chambers. The hens were only acclimated for 24 h prior to evaluation because the hens were maintained in wire cages with similar dimensions and floor type to the respiratory chambers. The breeder cage also contained a similar drinker and feeder system compared to the respiratory chambers. The acclimation period was adequate because breeder hen behavior, feed consumption time, and EP remained normal performance with the Cobb 500 breeder guide, 2013). Temperature was kept at 21
• C through production (Cobb 500, 2008) in cages and respiratory chambers. Egg production was recorded daily and averaged for 12 hens at every week of evaluation.
Respiratory Chambers
Respiratory chambers were made from polycarbonate plastic glass (61 cm long × 51 cm wide × 56 cm high) and equipped with 1 feeder and 1 nipple drinker according to the specifications of FASS 2010 (Champaign, IL). The environmental condition of the room for the respiratory chambers was the same as the metabolic cages. The room for the metabolic chambers was equipped with 2 heating and air conditioning units. These units were controlled by a Honeywell programmable thermostat that automatically switches between cooling and heating within a 2
• C range. Minimum ventilation was provided by 2 ventilation fans that exhaust to the outside and draw fresh air from the hall. Each ventilation fan was controlled by a timer. The on/off cycle was adjusted as needed to maintain room air quality and desired CO 2 levels. To control humidity, the room was equipped with 2 de-humidifiers (GE, Madison, WI) that remained running continuously. Relative humidity (RH) was kept at 80% (range 70 to 90%) depending on the RH of the environment. Temperature inside the chamber was 21
• C (range 19 to 23 • C). The room temperature was 16
• C, which is 5
• C lower than temperature inside the chambers to ensure the temperature inside the respiratory chambers stayed at 21
• C. The indirect calorimetry system provided air flow of 12 to 15 L/min depending on the size of the hen. Delta carbon dioxide, ΔCO 2 (CO 2 out -CO 2 in), was between 0.30 and 0.50. The gas evaluations in each chamber were measured every 12 min making 5 readings per hour and 120 readings in 24 h. The daily gas evaluation was composed of 67% during the light time (3 am to 6 pm) and 33% during the dark time (7 pm to 3 am).
Diet and Feed Program
Hens were fed a commercial crumbled feed during evaluation (Cobb-Vantress, Siloam Springs, AR). The breeder diet, which was provided from 22 to 58 wk of age, was formulated to have 2920 kcal/kg of ME with 15.5% crude protein. Four batches of diet were received during the 38-wk period and analyzed for proximal analysis on arrival (Table 1) . Feed and energy allowance was 123 g (359 kcal/d) at 26 wk and 134 g (390 kcal/d) at 30 wk (peak production). This caloric intake was lower than Cobb's suggested value but it was used to account for the reduced energy expenditure of individually caged hens (Reyes et al., 2011 (Reyes et al., , 2012 . The 390-kcal ME peak feed was determined to be the requirement for breeders in cages by Salas et al. (2010) . The group was fed the same amount for the 38-wk study to avoid the introduction of additional variables with the feed withdrawal period. Hens were individually fed every day at 7 am in cages and chambers. The feed was cleaned up after approximately 1 h. Fresh water was provided ad libitum during evaluation.
Body Composition Analysis
Hens were scanned the previous day before evaluation in the respiratory chambers using a DEXA scanner (GE) with a small animal body software module (Lunar Prodigy from GE encore version 12.2). Green lights were set up in the DEXA room to help keep the hens calm while scanning for about 3.5 to 4 min per hen. No chemicals or anesthesia was used and hens were scanned at the same time (around 1 pm) at every point of evaluation. Hens were returned to the respiratory chambers after scanning. Total tissue, lean mass, fat mass, and BMC were adjusted to body composition values analyzed by chemical analysis using equations previously developed by Salas et al. (2012) .
Calculation
Data from indirect calorimetry were separated as time of day (light or dark) and averaged within a day. VO 2 , VCO 2 , and RER (VCO 2 /VO 2 ) were calculated as liters per day (L/d) for the development of the mixed model and normalized to metabolic BW (L/kg BW 0.75 ) for comparative purposes. Heat production was obtained using the Brouwer equation: MacLean and Tobin, 1987) . Heat production was calculated as kcal/d and kcal/kg 0.75 . The body composition was reported as g and g/kg: lean, fat, and BMC. Tissue gain (g/d) was calculated over the period between 2 proximate ages evaluated. For example, 10.5 g/d of lean tissue was BW 30 wk -BW 26 wk divided by the number of days between these 2 ages, and the same calculations for the next periods (g/d).
Statistical Analysis
A mixed model was used to evaluate calorimetry parameters:
, and time of day (2 levels: light and dark) as fixed effects. The breeder hen was considered a random effect being the hens were measured repeatedly at every age. For normalized calorimetry data (kcal/kg BW 0.75 and L/kg BW 0.75 ), a 2 × 10 factorial design (time of day × age) was analyzed. The body composition data were analyzed by a complete randomized design utilizing one-way ANOVA (age) with hen as random effect. Means were separated by the Tukey-HSD test. Fat gain (X) was fitted against Lean gain (Y) in a simple linear regression. P-value was considered significant when P ≤ 0.05. All analyses were determined with JMP12 (SAS, 2015) .
RESULTS

Calorimetry Parameters
Heat production or heat expenditure is the result of indirect calorimetry evaluation: volume of oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ). The HP was measured during the EP cycle of the broiler breeder. A mixed model provided the opportunity to understand the dynamics of VO 2 , VCO 2 , and HP by age and time of day (light and dark periods) with repeated measurements such as the case of the present study where the same hen was evaluated at every point of evaluation. Gases and HP were increased as the age increased from 26 to 59 wk: 0.031 L/d VO 2 , 0.024 L/d VCO 2 , and 0.15 kcal/d HP (P < 0.01) (Table 2). At the end of the 38-wk study (59 wk of age of the breeder), HP was the highest because of a gain in body tissue that was mainly lean mass gain during the 45-to 59-wk period of the production cycle. Breeder hens consumed +17.4 L/d more oxygen, produced +18.9 L/d more carbon dioxide, and produced + 89.8 kcal/d more heat during the light period (3 am to 6 pm) compared to the dark period (7 pm to 2 am) during the 38-wk study. The increase in HP during the light time is because of higher activity and metabolic processes that occur during this time. The VO 2 , VCO 2 , and HP parameter estimates of the mixed model provide half of this difference (8.7 VO 2 /d, 9.4 VCO 2 /d, and 44.9 kcal/d), respectively (Table 2 ), due to 2 periods being evaluated (light and dark). VO 2 was always higher than VCO 2 in the light and dark periods (Table 3 ). The interaction effect of time of day and age was not significant (P > 0.05) when VO 2 , VCO 2 , and HP were expressed based on BW (L/kg BW 0.75 and kcal/kg BW 0.75 ) ( Table 3 ). The breeder hens based on their metabolic BW consumed 27% more VO 2 (6.1 L/kg BW 0.75 ), produced 30% more VCO 2 (6.5 L/kg BW 0.75 ), and 27% more HP (31 kcal/kg BW 0.75 ) (P < 0.01) during the light period compared to the dark period. The RER was also higher during the light period (0.955 vs. 0.907) (P < 0.01) compared to the dark period meaning there are differences in nutrient utilization between light and dark periods (Table 3 , Figure 1) . At the end of the 38-wk production period, 59-wk-old hens had increased oxygen consumption (L/kg BW 0.75 ) compared to <50-wk-old hens with exception of 30-wk-old hens during peak production (P < 0.01). The VCO 2 production (L/kg BW 0.75 ) was the highest at 59 wk compared to younger ages other than 26, 30, and 37 wk of age (P < 0.01). Heat production (kcal/kg BW 0.75 ) was significantly increased with 59-wk-old hens (106 kcal/kg BW 0.75 ) compared to previous younger ages, except for breeder hens at 30 wk of age. Breeder hens at 30 wk of age had higher VO 2 consumption and VCO 2 production because the breeders were at peak EP. Respiratory exchange ratio was the lowest at 43 wk of age (P < 0.01) compared to other ages, except breeders 40 and 50 wk of age. The highest RER was found at 30 wk compared to other ages except 26 wk (P < 0.01).
Body Composition
For body composition evaluation, a CRD design provides differences in tissue composition between ages (Table 4) . Total mass that is equivalent to scale BW was higher at 50, 54, and 59 wk compared to 26, 30, 33, 37, and 40 wk (P < 0.01). Lean mass was the highest at 59 wk (3031 g) compared to 26, 37, and 50 wk (P < 0.01). The lowest lean mass was found at the beginning of production at 26 wk of age compared to 33, 40, 43, 54, and 59 wk. The absolute lean mass for breeder hens at 37, 45, and 50 wk was not different from the 26-wk-old hen (P < 0.01). Fat mass was the highest at 50 wk compared to other ages except 54 wk. The smallest amount of fat was found to be at the beginning of production (26 wk) compared to hens older than 37 wk (P < 0.01). The BMC reached the highest point at 50 wk (187 g) compared to other ages except 37, 45, 54, and 59 wk (P < 0.01). The smallest amount of BMC was at 30 wk compared to 50 wk. Body composition expressed as g/kg provides meaningful information about the relative body composition between ages (Figure 2 ). Lean mass (g/kg) was the highest at 26, 30, 33, and 40 wk of age and the lowest at 50 wk compared to other ages except 45 and 54 wk of age. Lean mass (g/kg) shows the first low point at 37 wk compared to the initial body composition (26 wk), and the second lowest point at 50 wk. Lean mass tends to decrease from peak until 50 wk and then increase after 50 wk. Fat mass (g/kg) was the lowest at the beginning of production and it increased gradually becoming significant after 43 wk. The largest amount of fat (g/kg) was found at 45, 50, and 54 wk (P < 0.01). Fat composition tends to increase with age reaching the highest point at 50 wk but drops after and being significantly lower at for 59 wk old, end of the present study (Figure 2 ). The BMC (g/kg) was higher at 50 wk compared to 33 and 40 wk (P < 0.01). Lean gain (g/d) was variable during the EP cycle and the values ranged from -6.5 g/d during 30 to 37 wk to +10.4 g/d during 26 to 30 wk. Lean gain at 37 wk was significantly lower compared to 30 and 40 wk hens (P < 0.01) suggesting protein tissue being oxidized during this period. Lean tissue was also negative at 50 wk compared to 30 and 40 wk (P < 0.01). Fat gain (g/d) was the highest at 37 and 50 wk compared to 40, 54, and 59 wk (P < 0.01). 
DISCUSSION
Calorimetry Parameters and EP
The amount of VO 2 and VCO 2 for modern broiler breeders is rarely reported. Past research with meattype breeders reports 14.6 L/kg BW 0.75 for oxygen consumption (Waring and Brown, 1965) , which is lower than the 20 L/kg BW 0.75 value reported in the present experiment. This may be due to modern breeders having more lean tissue than breeders in 1965 when compared on a metabolic BW basis (L/kg BW 0.75 ). The increase in VO 2 in broiler breeders in the present study represents a 37% increase in oxygen consumption compared to breeder VO 2 from 1965 accounting for an increase of 0.74 L/kg BW 0.75 of oxygen per year. It is well known that breast yield is higher in progeny from modern high-yielding broiler breeders and the progeny genetic potential for increased lean mass is higher than before (Havenstein et al., 2003) . When compared to broilers, broiler breeders have a lower VO 2 and VCO 2 (L/kg BW 0.75 ) (Fedde et al., 1998) . This author reported 42 L/kg BW 0.75 VO 2 and 40 L/kg BW 0.75 VCO 2 in broilers with 1.38 kg BW at 35 d, which is almost twice the amount of VO 2 and VCO 2 found in breeders (20 L/kg BW 0.75 ). The increased quantitative amount of gases for broilers reported by Fedde et al. (1998) agrees with data reported by Caldas et al. (2016) . The reason there is an increased oxygen consumption and carbon dioxide production in modern broilers compared to broiler breeders is because of the high growth rate and ad libitum feed consumption for broilers while breeder hens are fed restricted amounts of feed during EP to avoid over weight hens. Heat production is considered to be a measure of energy use for maintenance, activity, and heat increment. Metabolizable energy for maintenance (MEm) was evaluated during fasting period, so no activity and no heat increment of feeding were included in the measurement. Maintenance energy is the highest proportion of ME needed by the modern breeder hen accounting for 79% of the energy intake at peak EP at normal temperature, 21
• C (Reyes et al., 2011) . The MEm has been reported to be 88 kcal/kg 0.75 /d Hubbard meat type in broiler breeders (Spratt et al., 1990a,b) and 98.3 kcal/kg 0.75 /d with Cobb500 genetics at 21
• C (Reyes et al., 2011 (Reyes et al., , 2012 . There is little research that reports HP values per se from broiler breeders using calorimetry systems, so comparisons become complicated. In the present experiment, HP has been measured during light and dark times and resulted in 115 and 84 kcal/kg 0.75 /d, respectively. The HP in the dark period is similar to the MEm reported by previous authors, because the HP in the dark period does not account for activity and heat increment because hens were fed 12 h earlier. Determining the difference of 31 kcal/kg 0.75 /d between the light and dark period is the energy of activity and heat increment during the light period. The determination of MEm was not the main focus of this study but HP accounts for a high percentage of maintenance. The highest HP of 106 kcal/kg 0.75 /d was at 59 wk of age (end of the study) compared to 100 kcal/kg 0.75 /d at the beginning of lay, 26 wk. The increased HP caused by an increase in lean mass in the 59-wk breeder while fat tissue was decreasing suggests the hen is using fat calories to maintain the higher BW achieved at the end of the experiment. Protein synthesis produces more HP due to protein using more oxygen than fat synthesis (Teeter et al., 1996) . This author showed that the oxygen required per unit protein synthesized was 380% greater than for fat. Another measurement that provides energy utilization is RER. It provides means to differentiate nutrient utilization between carbohydrates, protein, and fat because these are the only nutrients assumed to release energy for maintenance of life in the human and animals (McLean and Tobin, 1987) . The RER for the oxidation of carbohydrates, protein, and fat in chickens is 1.0, 0.74, and 0.70, respectively (MacLean and Tobin, 1987) . Because the breeder diet is a balance of carbohydrates, proteins, and fats, the RER data can only be compared between ages. RER reached the lowest point at 40 to 43 wk of age that could mean more fat and/or protein oxidation is occurring at that time compared to carbohydrate utilization at the beginning of production. The breeder RER decreases at 45 wk and remains low suggesting the hens were using less carbohydrates at 45 wk compared to 30 wk at peak production. Salas et al. (2017) used stable isotopes and reported broiler breeder utilized glucose for egg lipid formation at the beginning of production and mobilized dietary fat for egg lipid synthesis at the end of production. Salas and group findings are in partial agreement with the results in the present experiment. High RER variability was seen during egg oviposition times and during day time but the RER data were less variable during the night when activity was decreased. The observed RER differences between hens during the light period may require a different mechanistic model to explain breeder hen's behavior during EP. Additional RER data for breeders in production are needed to help understand the significance of this value and to determine if RER may change with feeding strategies, individual bird variation, and genetics.
Body Composition, and EP
Lean tissue mass (g and g/kg BW) reached the lowest point at 37 and 50 wk that is in full agreement with the data found by Salas et al. (2010) and Vignale et al. (2016) . Vignale and group used 15 N phenylalanine to calculate the fractional protein synthesis and degradation rate and found the highest protein degradation rate for pectoralis major was at peak production (30 to 37 wk). The authors suggested the hen utilized breast protein turnover to support EP. These results are in agreement with the negative lean tissue gain found at 37 wk in the present study but the negative tissue lean gain was different only compared to 30 and 43 wk of age breeders and not to other ages because of high variability between hens. After 50 wk of age, EP is decreasing and the hen starts increasing lean tissue. Breeder hens older than 50 wk breeder may be preparing body composition for the next clutch or production cycle as it happens in nature. Lean mass was high at the beginning of production (24 wk) that matches with high fractional protein synthesis rate prior to sexual maturity shown by Vignale et al. (2016) . Van Emous et al. (2015) reported breast muscle amount of 17.24% at 35 wk compared to 20.15% at 22 wk and 16.43% at 59 wk. These findings are in partial agreement with the present study. Van Emous and group reported less breast muscle at 35 wk similar to the present study but did not observe an increase in lean mass at 59 wk as found it here. The authors also observed different pattern for fat deposition in their breeder hens compared to present study. The authors suggested abdominal fat increased with age and was the highest at termination of the production period. The authors used a different modern genetic line than the Cobb 500FF as used in the present study that may be the cause of the disagreement. Fat utilization is important in egg lipid formation , and a balance of protein and fat utilization exists during the complex EP process. In the present study, fat mass increased with age until 50 wk of age and then body fat mass and % fat declined through 59 wk (termination of study). Body fat utilization for the purpose of supporting EP may not be as important as lean tissue utilization because lean mass decreases when the hen is at peak EP. This is in contrast to fat accumulation that occurs throughout peak production and reaches the highest fat mass and percent fat at 50 wk of age. After 50 wk of age, fat mass and % fat decrease to support the additional maintenance calorie needs of breeders that gain lean mass during the last 1/3 of the production period. The dynamic pattern of breeder fat mass and lean mass change with age observed in present study matches very closely to previous reports by Salas et al. (2010) and Vignale et al. (2016) . Bone mineral content is the lowest at peak production (30 wk) compared to 50 wk. Because Ca and P account for 23% and 20% of the BMC, respectively (Caldas, 2015) , data suggest high utilization of minerals for egg shell formation during peak production. After 50 wk of age, broiler breeder EP is reduced to less than 50% thus allowing minerals and BMC to increase. Egg production in this experiment was close to the standard (Cobb, 2013) . Heat production and body composition change with age but the change along EP is more important because the objective of meat-type breeders is to produce chicks of high quality by producing good quality eggs. Both EP and HP start low at the beginning of the EP (26 wk); peak production was reached at 30 wk and gradually decreased until the end of production (59 wk). Heat production is an inefficient process in terms of EP because it is mostly used for maintenance energy requirement (Chwalibog and Thorbek, 1992; Reyes et al., 2011) . Lean mass and EP both increase when going from first egg to peak production, but at peak of production lean tissue tends to drop and EP gradually declines. When lean mass increases after 50 wk of age, EP keeps dropping. Respiratory exchange ratio tends to decrease as EP decreases until 43 wk of age, then RER increases when EP drops after 43 wk.
In summary, indirect calorimetry and DEXA can be utilized as tools to better understand why breeders use specific fuel from feed nutrients and body tissue to develop better feeding strategies for feeding the pullet and breeder for maximum production of quality chicks.
